† Background and Aims Understanding the species composition of pollen on pollinators has applications in agriculture, conservation and evolutionary biology. Current identification methods, including morphological analysis, cannot always discriminate taxa at the species level. Recent advances in flow cytometry techniques for pollen grains allow rapid testing of large numbers of pollen grains for DNA content, potentially providing improved species resolution. † Methods A test was made as to whether pollen loads from single bees (honey-bees and bumble-bees) could be classified into types based on DNA content, and whether good estimates of proportions of different types could be made. An examination was also made of how readily DNA content can be used to identify specific pollen species. † Key Results The method allowed DNA contents to be quickly found for between 250 and 9391 pollen grains (750-28 173 nuclei) from individual honey-bees and between 81 and 11 512 pollen grains (243 -34 537 nuclei) for bumble-bees. It was possible to identify a minimum number of pollen species on each bee and to assign proportions of each pollen type (based on DNA content) present. † Conclusions The information provided by this technique is promising but is affected by the complexity of the pollination environment (i.e. number of flowering species present and extent of overlap in DNA content). Nevertheless, it provides a new tool for examining pollinator behaviour and between-species or cytotype pollen transfer, particularly when used in combination with other morphological, chemical or genetic techniques.
INTRODUCTION
The foraging patterns of pollinators are of considerable practical and scientific interest, in no small part because of their critical role in flowering plant reproduction. An understanding of pollinator behaviour has informed agricultural practices (e.g. Delaplane and Mayer, 2000; Ramsay, 2005; Pasquet et al., 2008) and conservation biology (e.g. Ellstrand, 1992; Lopezaraiza-Mikel et al., 2007) . Pollen movement is also a key consideration in the study of plant evolutionary and population processes, such as gene flow and genetic structuring (e.g. Levin and Kerster, 1974; Slatkin, 1985) , reproductive isolation and speciation (e.g. Coyne and Orr, 2004; Kennedy et al., 2006; Marques et al., 2012) , and the coevolution of plants and pollinators (e.g. Barrett and Harder, 1996; Morales and Traveset, 2008) .
Several methods have been used to study the complex processes of plant -pollinator interactions, from observation of pollinator foraging behaviour (e.g. Pasquet et al., 2008; Marques et al., 2012) to genetic analyses of the resulting plant progeny (e.g. Schaal, 1980) . The direct analysis of pollen carried by pollinators ( pollen loads) is a technically challenging but important step in relating pollinator behaviour to pollination outcomes, because observed pollinator movements may not be strongly correlated with the composition of pollen loads (Alarcón, 2010) , and because the full complement of pollen on the pollinator may not correspond to what is deposited on stigmas Morales and Traveset, 2008; Alarcón, 2010) . The primary method for studying pollen loads on bees has been through morphological identification of pollen grains collected from bees, hives or honey (Wodehouse, 1959; Sharma, 1970; Von Der Ohe et al., 2004; Barth et al., 2011) . Less commonly, methods such as chemical analysis have been used (Ruoff, 2006) , as well as genetic marker analysis of pollen collections (Zhou et al., 2007; Shoemaker, 2010) . Recent improvements to the study of pollen DNA content using flow cytometry (Kron and Husband, 2012) raise the possibility of complementing such methods with the use of DNA content as a species marker. While DNA content can be a crude marker of species identity, the level of resolution may be similar to that of morphology and genetic markers, and, because flow cytometry can be used to test large numbers of pollen grains quickly, it may serve as an efficient tool for estimating the proportions of different pollen types.
In this study, we ask two questions. First, can flow cytometry be used to identify and count discrete classes of nuclei from pollen carried on individual bees with sufficient resolution and numbers to estimate the proportions of each type present? Secondly, with what level of success can DNA content be used to characterize the composition of pollen from a single bee: specifically, the number of pollen species present, and the identity of these species. We asked these questions using both honey-bees (Apis mellifera) and bumble-bees (Bombus species) in a relatively complex pollination environment (rich in flowering species with overlapping genome sizes), and using honey-bees in a much simpler pollination environment (low number of flowering species, with ploidy-level differences in DNA content).
MATERIALS AND METHODS

Sampling
We collected bees foraging on three plant genera (Monarda, Centaurea and Solidago) at two locations. Monarda fistulosa and a mixed patch of C. jacea and C. nigra were located in a small (150 × 50 m) (Semple et al., 1999) as members of the S. canadensis (diploid, 2x), S. gigantea (tetraploid, 4x) and S. altissima (hexaploid, 6x) complex, and subsequently confirmed them as S. canadensis and S. altissima based on the relative DNA contents of their 2C leaf nuclei. At the time of sampling (late August), this population contained only two other flowering species in low abundance, Euthamia graminifolia and Erigeron strigosus.
At the Arkell site, we collected the dominant pollinator on each plant species: bumble-bees on M. fistulosa and honey-bees on Centaurea. All bumble-bees collected on M. fistulosa were keyed out to the genus Bombus, although there may have been some species variation. We collected the first ten bees of each type that we could capture, with the only criterion being that they were perched on the flowers. We did not distinguish between Centaurea species while collecting bees. At the Guelph site, we haphazardly collected 12 honey-bees without distinguishing between the Solidago species on which they were foraging, and sampled a leaf from each bee-capture plant for later cytotype testing. At both sites, bees were captured in plastic bottles, immediately placed in a cooler with ice packs, transferred within 1 h to a -20 8C freezer and kept at -20 8C until testing (20 min to 2 h). We collected additional honey-bees from Solidago plants at a later date and tested 13 randomly selected bees after 7 months storage at -20 8C to assess the effects of storage. At the time of bee collection, we also collected leaves and flowers from all species flowering in the two sites for DNA content estimation.
Flow cytometry
Pollen grains from bees were suspended in LB01 buffer (Doležel et al., 1989) by adding 1 . 4 mL of buffer to the capture bottle, vortexing at high speed for 10-15 s, collecting the buffer and repeating once. The pollen nuclei were then extracted and stained using the filter-bursting method described in Kron and Husband (2012) . Briefly, the buffer was passed through two filters: a large pore pre-filter to remove contaminants and a small pore filter to collect the pollen grains. We used 50 mm and 10 mm filters for the Solidago bees and 100 mm and 20 mm filters for the Monarda and Centaurea bees. Pollen grains were rubbed against the collection filter with a plastic rod to burst them, and the released nuclei were washed through the filter into a clean tube with 2 × 0 . 25 mL of LB01 buffer with 100 mg mL 21 propidium iodide and 50 mg mL 21 RNase. Samples from Centaurea and Monarda bees were stained for 20-27 min and then run at medium speed on a BD FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA) for 7 min (near exhaustion of sample). Solidago samples were run at low speed until the combined peaks of nuclei totalled 15 000-16 000 events or until the sample was exhausted (5 -26 min). Particle fluorescence was measured with the 585/ 42 nm (FL2) detector on a linear scale, and the relative fluorescence of peaks was determined using the fluorescence area. Settings were chosen to detect nuclei in the 0 . 35-35 pg DNA range, but we briefly ran samples at a higher voltage to confirm the absence of peaks below this range and also measured FL3 (670 nm) fluorescence on a log scale to detect higher fluorescence peaks. We used the same method to test samples of pollen collected directly from flowers of Monarda and Centaurea, using the same instrument settings as the bee-collected pollen, to establish external reference positions (fluorescence means) for the nuclei of these species. For Solidago, we used leaf tissue as external standards, assuming that 1C pollen nuclei would have half the fluorescence of 2C leaf nuclei, an assumption we verified with a small number of pollen samples collected directly from flowers.
Quality assessment
The quality of fluorescence histograms was assessed using the following measures: total number of nuclei (and corresponding number of pollen), coefficient of variation (CV) of the peaks of nuclei, and background aggregates and debris (BAD, the percentage of debris and aggregate events in the fluorescence range of peaks of nuclei; Shankey et al., 1993) . For each peak of nuclei, we calculated its proportion ( p) of the total nuclei (n) in a sample, as well as the standard error (s.e. ¼ p [ p(1 -p)/n] and relative standard error (RSE ¼ s.e./p × 100 %) for each p. Numbers of nuclei (total and for each peak), CVs, BADs and peak fluorescence means were measured using ungated histograms and ModFit LT software (Verity Software House, Inc., 2000) for the relatively simple Centaurea and Solidago bee histograms. ModFit LT was used to find the BAD of ungated histograms for the Bombus (Monarda) samples, but, because of high debris levels, CVs were measured using histograms gated to remove debris on a fluorescence area by sidescatter plot. CellQuest Pro 4 . 0 software (1996, BD Biosciences) was used to measure the means and numbers of nuclei for the less well-defined peaks observed in these Monarda samples. The number of pollen grains corresponding to the total nuclei in a sample depends on the proportions of these nuclei coming from binucleate and trinucleate pollen species, and was calculated after attributing the individual peaks of nuclei to particular plant species (see 'Pollen identification').
For comparison with an established pollen analysis method, we determined how many of our samples met the pollen number criteria applied in melissopalynology, where pollen morphology is used to identify and quantify pollen types in honey. Standard practice is to test a minimum of 300 pollen grains when assigning pollen types to frequency classes (e.g. 'frequent' or 'rare'), and 500-1000 when greater accuracy is desired or when assigning specific percentages to pollen types (Behm et al., 1996; Von Der Ohe et al., 2004) . We therefore determined the percentages of our samples that exceeded 300 and 1000 pollen grains, and confirmed that samples with 300+ pollen grains also had RSEs ,30 % for the proportions of different nuclei types (a commonly applied cut-off for data quality; e.g. Klein et al., 2002) . For comparison with a flow cytometry application that requires estimates of the proportions of rare events, we determined how many of the histograms met the standards for clinical cell cycle analysis (i.e. CV ,8 %, nuclei ≥10 000 and BAD ,20 %; Shankey et al., 1993; Ormerod et al., 1998) . We also used t-tests to compare the peak CVs and histogram BADs of the Solidago honey-bee samples stored for 7 months with the original samples to test for a decline in sample quality.
Pollen identification
To identify the pollen source of the detected nuclei, we used flow cytometry to create a library of relative DNA contents for all species flowering in the populations at the time of bee collection, using M. fistulosa (Arkell) and S. canadensis (Guelph) as internal reference standards. We co-chopped leaf tissue from each flowering species with one of these internal standards, using a razor blade, LB01 buffer and a 30 mm filter. We assumed that the fluorescence ratio of somatic nuclei (test plant 2C/standard 2C) would equal the ratio of their pollen 1C values, but, for a sub-set of species, we also co-prepared pollen nuclei of the two species and used these 1C/1C ratios preferentially for identification purposes. We used leaf tissue for most species because pollen can be difficult to collect directly from some plants in the field, for example when few flowering individuals are present, or when pollinators quickly remove available pollen. We therefore tested the method using what would typically be the more readily available tissue (leaves), assuming that this approach may often be a practical necessity for field researchers. The two Centaurea species at Arkell had very similar DNA contents relative to M. fistulosa, and the expected ratios of all species to the Centaurea species were derived from the M. fistulosa ratios using the following calculation: Table S1 ).
We identified a fluorescence peak on each bee's histogram that corresponded to the plant on which it was collected (the capture plant) by comparing it with an external reference sample for the capture species. For bees collected on Monarda and Centaurea, the expected fluorescence mean of the capture plant nuclei was the average of the peak means of nuclei of three pollen samples collected directly from flowers. For Solidago, we tested a leaf from each plant immediately before testing the pollen from the bee collected thereon, to establish both the species and cytotype of the plant, and the expected fluorescence of the capture plant's 1C pollen nuclei (half that of the somatic tissue). We then calculated the ratio of the mean fluorescence of each peak of nuclei with that of the capture plant peak, and compared these ratios with the reference library of relative DNA contents for that population. Each peak of nuclei therefore could be described as belonging to a pollen 'type', defined by its relative DNA content and identifiable as an individual species or set of species in the library.
We applied the following rules in assigning candidate species to peaks of nuclei. The relative DNA content of the candidate species had to be within 10 % of that of the observed peak. We had to consider whether the pollen of each species was trinucleate or binucleate, because trinucleate pollen grains contain three nuclei with a single DNA content (1C), while binucleate pollen grains typically contain a 1C vegetative nucleus and a 2C generative nucleus (Brewbaker, 1967; Bino et al., 1990; Suda et al., 2007) . If the candidate species was binucleate, there had to be corresponding vegetative and generative peaks with neither containing ,30 % of the nuclei for the species. We also assumed that each peak consisted of only one species, with the following exception for M. fistulosa bee histograms. Pollen from any of three binucleate species had either vegetative or generative peaks of nuclei potentially overlapping those of M. fistulosa nuclei (Linaria vulgaris, Desmodium canadensis and Trifolium pratense). It was assumed that some portion of the presumed M. fistulosa peak could consist of nuclei from one of these species as well, if a matching vegetative or generative peak of nuclei was observed.
Large peaks of pollen nuclei are often accompanied by a small peak at twice their fluorescence, potentially comprising unreduced gamete nuclei and/or doublets (two adhering nuclei). Such peaks typically account for a small proportion of the nuclei present, but require relatively complex analysis (doublet discrimination; e.g. Wersto et al., 2001 ) to determine which events should be counted once (unreduced gamete nuclei) vs. twice (doublets). We therefore made two simplifying assumptions. First, we treated all nuclei in such peaks as unreduced gamete nuclei rather than doublets, an approach that is conservative in terms of counts of nuclei. Secondly, when such peaks constituted ,2 % of all nuclei present, they were automatically treated as peaks of unreduced gamete nuclei, their count of nuclei was added to the corresponding reduced gamete peak and they were not included in further analysis. Similar peaks exceeding 2 % of all nuclei were treated as any other peak, with species assignment including the unreduced gamete option as well as other species. This approach simplifies the analysis at the expense of potentially overlooking some species matching the unreduced gametes in DNA content but present at low frequencies (,2 %). Unreduced gamete nuclei were not considered as an option if such an interpretation would require an unreduced gamete production rate exceeding 20 %.
If multiple peaks and/or candidate species per peak were present, we considered all possible combinations of species, and determined a range for the number of species present and proportion of pollen attributable to each species. The following summary data were found for each bee: proportion of pollen matching the DNA content of the capture plant species (minimum and maximum across different scenarios), number of non-capture species present (range across different scenarios) and the average number of possible pollen species per peak of nuclei.
RESULTS
Quality of fluorescence histograms
Pollen nuclei (i.e. fluorescence peaks) were detected for all samples (Fig. 1) . Most honey-bee samples met the numerical criterion applied in morphological studies, with 91 % of samples having nuclei from at least 300 pollen grains, and 86 % having nuclei from at least 1000 (Supplementary Data Table S2 ).
For those honey-bee samples with two types of pollen nuclei, the RSE for the proportion of nuclei belonging to the most common type never exceeded 2 %, and the RSE for the proportion of the less common pollen exceeded 10 % in only one sample (19 %; Supplementary Data Table S2 ), despite the fact that RSEs increase with decreasing proportion ( p) values within a sample. In contrast, 70 % of the bumble-bee samples had nuclei from at least 300 pollen grains, but only 30 % had nuclei from at least 1000. Although the RSE for the proportion of the most common pollen type (usually M. fistulosa) was always ,3 %, most bumble-bees carried at least one pollen type whose proportion had an RSE .10 %. Nevertheless, only the sample with the fewest pollen grains (n ¼ 81) had pollen type proportions with RSEs exceeding 30 % (Supplementary Data Table S2 ).
When the higher quality standards of cell cycle analysis were applied to the histograms, the success rates differed among the particular bee -forage plant combination. All samples from honey-bees foraging on Solidago had CVs ,8 % (mean ¼ 3 . 05 %, maximum ,5 %), 83 % had in excess of 10 000 nuclei and 58 % had BAD ,20 %, so that 58 % met all criteria for cell cycle analysis (Supplementary Data Table S2 ). In contrast, while all honey-bees foraging on Centaurea had CVs ,8 % (mean ¼ 3 . 86 %, maximum ,5 %), only 40 % had 10 000 nuclei and only 20 % had BAD ≤20 %, for a total of 10 % meeting all criteria. For Monarda bumble-bee samples, ungated histograms could not be fit well using ModFit software because of high noise/debris levels and BAD exceeded 20 % for all samples, so no samples met the quality criteria. After gating out debris on an FL2 area vs. side-scatter plot, all peaks of Monarda nuclei had CVs ,5 %, but smaller peaks still frequently could not be fit well by the ModFit software, and only one sample had at least 10 000 nuclei.
Samples from Solidago honey-bees stored for 7 months at -20 8C had higher CVs (mean ¼ 4 . 0 %) than samples run after 2 h storage (3 . 5 %, t-test, P ¼ 0 . 034), but BADs did not differ (7 months mean ¼ 19 %, 2 h mean ¼ 20 %, P ¼ 0 . 80).
Identification of pollen sources
Nine out of 10 honey-bees collected from Centaurea had a single fluorescence peak that corresponded to the expected position for the two Centaurea species (Fig. 1A) , which were effectively identical in DNA content within the level of resolution of the current study (Supplementary Data Table S1 ). Two other species present in the population (Arctium lappa and Erigeron strigosus) were close enough in DNA content to overlap the Centaurea peak, so this single peak could potentially be attributed to four species (Table 1) . In the one sample with a second type of nuclei (5 . 2 % of the nuclei and pollen present), the only matching pollen source was Solidago canadensis.
DNA content testing of Solidago leaf tissue at the Guelph site showed that the 12 plants from which bees were collected included three S. canadensis (2x) and nine S. altissima (6x), and pollen collected from bees typically contained a mix of the two cytotypes (Table 1) . Peaks matching 1x S. canadensis and 3x S. altissima nuclei were detected on all bees, regardless of whether they were collected from 2x plants or 6x plants, with the exception of one collected from a 2x S. canadensis (S. canadensis-type pollen only). Most bees carried at least 80 % pollen nuclei matching the cytotype of the plant on which , Sc-1x and Sa-3x nuclei correspond to S. canadensis and S. altissima 1n nuclei, respectively, while Sc-2x and Sa-6x correspond to unreduced (2n) nuclei or doublets from the same species; some nuclei matching S. canadensis may also be Euthamia graminifolia or Erigeron strigosus. In (C) and (D), Cen indicates pollen nuclei matching Centaurea. In (E) and (F), Mf indicates nuclei matching 1n M. fistulosa, and 'p' indicates other pollen nuclei. Histograms (E) and (F) are gated on a side-scatter vs. fluorescence plot to remove debris.
they were collected, although three had values between 46 and 69 % (Table 1) . Pollen nuclei (1x) from S. canadensis could not be distinguished from 1x nuclei of E. graminifolia, because these two species overlapped in 2C leaf DNA content; while E. graminifolia was much less common, some 1x pollen potentially originated from this species. Also, nuclei from the uncommon Erigeron strigosus were a close match for 2x S. canadensis nuclei, although only one sample had sufficient events at this fluorescence to warrant consideration as either E. strigosus or unreduced nuclei/doublets from S. canadensis (S01, Table 1 ). All samples collected from S. altissima-foraging bees had a 1x peak with two possible origins (S. canadensis or E. graminifolia) and two peaks attributed to S. altissima (a 3x peak and a 6x peakexceeding 2 % of nuclei), for an average of 1 . 33 candidate species per peak (Table 1) . The three S. canadensis samples were more variable: all had the 1x peak with two candidate species, one had no other peaks (S07), one had an additional 3x S. altissima peak (S12) and one had a 1x, 2x and 3x peak (S01), with the 2x attributable to three species (S. canadensis, E. graminifolia or E. strigosus) (mean candidate species/peak ¼ 2, 1 . 5 and 2, respectively, Table 1 ).
For bees collected from M. fistulosa, a fluorescence peak matching M. fistulosa nuclei was detected on each histogram, along with nuclei from at least one other species. The Monarda peak typically contained the most nuclei. In one exceptional case, a bee with an unusually high pollen number (.10 000) had only 15 . 8 % Monarda nuclei (Table 1 ). In 60 % of samples, we could unambiguously determine the number of non-Monarda pollen species present on the bee (assuming one species per fluorescence peak), but the identity of these species was generally ambiguous (Table 1 ). Only one Bombus had a set of pollen peaks that could be unambiguously attributed to specific pollen sources; for the other nine bumble-bees, each peak of nuclei had an average of 1 . 67-4 . 67 possible candidate species (averages across peaks on individual bees; Table 1 ). Five bumble-bees had nuclei from one or two species that could not be matched to any of the plants collected in the population.
DISCUSSION
Flow cytometry can be used to classify and quantify pollen 'types' (defined by DNA content) within single bee pollen loads. We were able to measure the relative DNA content of nuclei from between 81 and 11 512 pollen grains from individual bees, using a method that allowed the testing of 2 -10 bees h 21 . Eighty-five per cent of all samples provided data from .300 pollen grains, and 70 % from .1000, meeting or exceeding requirements used in similar morphological analyses (Behm et al., 1996; Von Der Ohe et al., 2004; Barth et al., 2011) . The sufficiency of these sample sizes is reflected in the RSEs for the estimates of proportions of pollen types, all but one of which were ,25 %, with much lower numbers (,2 . 5 %) typical for the numerically dominant types. These numerical requirements were met despite being limited to pollen collected from a single bee, as opposed to from honey or pollen traps in hives. Honey-bees with prominent pollen loads ( pollen packs visible in corbiculae) typically provided data for .1000 pollen grains, while most bumble-bees and honey-bees without obvious pollen loads still met the 300 pollen grain criterion. Furthermore, more than half of all honey-bees foraging on Solidago met the more stringent criteria for clinical cell cycle analysis, demonstrating that very high quality output can be obtained under some conditions (i.e. large pollen loads and pollen species with low debris). For these samples, meeting the 10 000 nuclei criterion meant that at least 3333 pollen grains were assayed.
High debris levels resulted in BAD .20 % for most of the bees on Monarda and Centaurea, but while low debris is always preferable, there are two reasons why the observed levels are not necessarily problematic for finding pollen type frequencies. First, the BAD ,20 % criterion for cell cycle analysis is largely driven by the need to estimate S phase (Shankey et al. 1993) , which is not relevant when counting the 1C and 2C nuclei of mature pollen grains. Secondly, in pollen flow cytometry samples, a large proportion of debris consists of particles with distinctive properties (e.g. exine fragments with high side scatter) that allow them to be readily gated out without affecting counts of nuclei. The non-specific classification of pollen into DNA content 'types' is comparable with identifying 'types' or 'forms' of pollen on the basis of morphology, where it may be possible to distinguish families, tribes or genera, but rarely species (Wodehouse, 1959; Louveaux et al., 1978; Van Der Ohe et al., 2004; Cane and Sipes, 2006) . Because of the limits of DNA content as a species marker, species resolution is much better in simpler contexts (e.g. the Guelph Solidago site) than in floristically diverse ones (e.g. the Arkell Centaurea and Monarda site). At the Guelph site, with only four flowering species, nuclei not identifiable as S. altissima were either the abundant S. canadensis or the relatively uncommon E. graminifolia or E. strigosus. At the Arkell site, with 20 flowering species and many overlapping DNA contents, the species resolution was much lower. The inherent limits on DNA content as a species marker were probably exaggerated by the simplified methodology we adopted in this study. Specifically, replication within species would provide more precise measures for the relative DNA contents of the reference set, as well as determining whether our 10 % difference criterion was too broad. Also there is evidence that fluorescence properties may differ slightly between pollen and leaf nuclei within a species (Kron and Husband, 2012) , so the use of pollen from all species, rather than leaves, would almost certainly provide the most accurate reference values, A comparison of the species resolution provided by DNA content with that of morphological analysis demonstrates the way in which these methods may complement one another. Wodehouse (1959) described Solidago species (including Euthamia at that time) as essentially indistinguishable from one another when using morphological traits. In our study, DNA content could not distinguish S. canadensis and E. graminifolia, but S. canadensis and S. altissima were readily separable. On the other hand, some plants in our study with nearidentical DNA contents would be readily distinguished by morphology (e.g. T. pratense and D. carota; Crompton and Wojtas, 1993) . Combining the two methods would provide improved resolution, as would the additional use of other pollen identification techniques. Genetic marker approaches have been used to discriminate pollen in specific groups (e.g. Zhou et al., 2007) , but development of a method applicable across diverse groups (DNA barcoding) is still incomplete for pollen, and the limited results to date suggest that species-level identification may be difficult in heterospecific pollen loads (Shoemaker, 2010) . Other techniques familiar to pollination biologists would complement pollen load analyses by narrowing the list of possible pollen sources. Observations of bee movements, for example, might answer the question of how likely bees are to move between certain species pairs (e.g. S. altissima and the morphologically similar S. canadensis, vs. between Solidago and Euthamia). We treated all flowering species in a population as equally likely contributors to pollen loads, but information about the floral preferences of different pollinators, as well as the abundance and spatial distribution of the different flowering species, could also narrow down identification possibilities. Species resolution might also be improved by considering other flow cytometric measures of the nuclei, such as fluorescence width, side scatter and forward scatter, all of which can differ between species because of variation in the size and shapes of pollen nuclei.
Our analyses of pollen loads demonstrate the potential of this method to reveal useful information about pollinator biology. The contrast between the number of pollen types on honey-bees and bumble-bees foraging in the same population was striking (Table 1) and consistent with results from barcoding (Shoemaker, 2010) although not with all studies of Bombus (Morales and Traveset, 2008) . The clear evidence that honeybees were moving regularly between two species and cytotypes of Solidago is an important result, relevant to the study of polyploid plant evolution (Kennedy et al., 2006) and, more generally, to studies of the effects of interspecific pollen transfer (Morales and Traveset, 2008) . Understanding the complex nature of plant -pollinator interactions, from pollinator behaviour through to plant reproduction, requires the integration of many kinds of observations, and flow cytometric analysis of pollen loads can be a valuable new tool in the pollination biologist's toolkit.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Table S1 : plant species flowering at the Arkell and Guelph sites, with 1C DNA content relative to M. fistulosa and S. canadensis; Table S2 : number of nuclei, pollen number and quality measures for flow cytometry samples.
